Abstract. The effect of coastal upwelling on the evolution of the atmospheric boundary layer (ABL) in Cabo Frio (Brazil) is investigated. For this purpose, radiosounding data collected in two experiments made during the austral summer (upwelling case) and austral winter (no upwelling case) are analysed. The results show that during the austral summer, cold waters that crop up near the Cabo Frio coast favour the formation of an atmospheric stable layer, which persists during the upwelling episode. Due to the low SSTs, the descending branch of the sea-breeze circulation is located close to the coast, inhibiting the development of a mixed layer mainly during the day. At night, with the reduction of the land-sea thermal contrast the descending motion is weaker, allowing a vertical mixing. The stable ABL favours the formation of a low level jet, which may also contribute to the development of a nocturnal atmospheric mixed layer. During the austral winter, due to the higher SSTs observed near the coast, the ABL is less stable compared with that in the austral summer. Due to warming, a mixed layer is observed during the day. The observed vertical profiles of the zonal winds show that the easterlies at low levels are stronger in the austral summer, indicating that the upwelling modulates the sea-breeze signal, thus confirming model simulations.
Introduction
During the austral summer and spring seasons, negative sea surface temperature (SST) anomalies caused by winddriven coastal upwelling are present along part of the Brazilian southeast continental shelf, particularly near Cabo Frio Figure 1a shows a NOAA-12 AVHRR satellite image that illustrates the presence of cold waters in this region. From early September through late April the atmospheric circulation over the Cabo Frio region is strongly influenced by the large-scale South Atlantic high pressure center which makes the prevailing winds blow from the northeast with a large component parallel to the coast. This favours the occurrence of coastal upwelling in the region. Modelling studies have shown the role of the surface winds on the upwelling in the region (Castelao and Barth, 2006; Castelao et al., 2004; Carbonel, 2003) . During the fall and winter seasons, stronger and more frequent cold fronts pass by the region, provoking a change in direction of the wind. The surface winds rotate counterclockwise and blow for few days from the southern quadrant, inhibiting the upwelling (Dourado and Oliveira, 2000; Gonzalez-Rodrigues et al., 1992; Stech and Lorenzzetti, 1992) . The seasonality of the Cabo Frio upwelling seems to be associated with the onshore/offshore seasonal migration of the South Atlantic Central Water (SACW). Several studies have shown that the SACW is the source of cold waters that crop up near the coast in this region (Campos et al., 1995; Gaeta et al., 1994; Valentin et al., 1987; Valentin, 1984) .
The coastal upwelling has an ecological impact on the Cabo Frio region. Since the surface layers of this region are dominated by warm waters of a tropical origin the coastal upwelling plays a significant role in the nutrient enrichment and sustainment of the regional fisheries productivity (Matsuura, 1998 (Matsuura, , 1996 . Many studies have been done to identify, understand and record the physical, chemical, hydrological, biological and geological processes concerning the coastal upwelling in this region (Laslands et al., 2006; De Leo and Pires-Vanin, 2006; Voloch and Solé-Cava, 2005; David et al., 2005; and many others) .
Besides its ecological impact on the region the upwelling also affects the local climate. The region of Cabo Frio is influenced by the sea-breeze circulation. These local winds play an important role in determining the regional climate because of their influence on the characteristic air flow, precipitation, humidity and pollutant transport. Since the coastal upwelling increases the horizontal temperature differences the sea breeze is stronger in the region. Results from model simulations indicate that there is a positive feedback between sea-breeze and coastal upwelling at Cabo Frio. The seabreeze is intensified by the enhancement of the land-sea temperature gradient, due to the upwelling of cold water, and the costal upwelling is enhanced by the intensification of the prevailing wind caused by the sea-breeze (Rodrigues and Lorenzzetti, 2001; Franchito et al., 1998) .
While most of the studies are focused on the oceanographic and ecological aspects of the coastal upwelling at Cabo Frio, only a few studies are devoted to investigate its climatic impact on the local circulation. Although Brazil is a huge country with a long coast, the research in the area of marine meteorology outside the tropics is only just starting and it is mainly concentrated in the analysis of time series data of surface winds and SST. The strongest effects on local climate are due to changes in the sea-breeze circulation that occur in the atmospheric boundary-layer (ABL). In the particular case of the Cabo Frio region very few efforts have been devoted to the understanding of the ABL behaviour. Dourado and Oliveira (2000) examined the evolution of the marine ABL during an event of cold front passage. They noted a typical inversion of the wind from northeast to southwest, followed by the warming of the ocean surface due to the subsidence of SACW and the southwest wind advection of a deep atmospheric mixed layer from the continent towards the ocean. In the years 1995 and 1996, we conducted a field experiment and data from radiosoundings were collected for the austral summer (upwelling) and austral winter (no upwelling) conditions at the Cabo Frio region. Since there are no other radiosounding data near Cabo Frio, the data set obtained in the two experiments constitutes an important data source, providing new and useful information about the behaviour of the ABL in the region. The purpose of the present paper is to analyse the vertical profiles of temperature, humidity, and wind, in order to investigate the effects of the coastal upwelling on the evolution of the ABL in the Cabo Frio region.
Description of the experiments
Two experiments were conducted at the Cabo Frio coast. In the first one, the radiosondes were launched from 9-12 January 1995, which corresponds to austral summer conditions (favourable for the occurrence of coastal upwelling); in the second experiment the radiosounding data were collected from 5 to 9 August 1996, corresponding to austral winter conditions (no upwelling conditions). In order to obtain good information about the ABL behaviour during the day the radiosondes were launched at different times in different days (see Table 1 ).
The radiosounding system used to collect the data was the MARWIN (VAISALA). It is composed basically of a reception system of temperature, pressure and humidity data. The soundings were of the RS80-15N type, with the following sensors: an aneroide capsule with 0.1 hPa resolution, with an accuracy of 0.5 hPa; temperature sensor with a 0.1 • C resolution and humidity sensor with an accuracy <3%. In addition, the soundings used the OMEGA system, which had several stations over the globe. These stations provided data of the position relative to the sounding, allowing for the calculation of the magnitude and direction of the wind. Although it was useful system to determine the winds, the OMEGA system was stopped in 1997.
Synoptic situation
On 9 January 1995 the atmospheric circulation was favourable for the outcrop of cold waters near the Cabo Frio coast, due to the prevailing northeast winds. This situation was altered by the passage of a cold front from 10 January to 11 January 1995 (Fig. 2a) , which changed the wind direction. The occurrence of a cold front during the austral summer is less frequent than in the austral winter. However, sometimes it may organize tropical convection, which persists for 4 days or more, characterizing SACZ (South Atlantic Convergence Zone) episodes. Table 2 shows the values of the temperature of water, which was pumped by the cooling system of Companhia Nacional deÁlcalis (situated in Cabo Frio region) during the period of the experiment. The measurement was made after the water passed by a tube of 2-km in length. Thus, these values were not equal to those of the SST because the water was heated during its passage by the tube. However, as can be seen in Table 2 , the values of water temperature were within the limits of SACW (less than 20 • C), except on 12 January 1995. From 11 January to 12 January 1995 the water temperature increased due to the influence of a cold front in the region: after the end of the experiment there was a decrease in SST, returning to the upwelling conditions, as can be seen in Fig. 1a . We have not shown a figure containing the NOAA-12 AVHRR satellite image for 9 January 1995 because there were cirrus clouds in the Cabo Frio region, which complicates the visualization of the negative anomalies of SST.
During 5-9 August 1996 there were clear weather conditions (see Fig. 2b , which shows a NOAA satellite image for 9 August 1996). This period was characterized by the absence of coastal upwelling, as shown by the NOAA-12 AVHRR satellite image (Fig. 1b) . In this section the evolution of the ABL is examined using the radiosounding data collected from 9 to 12 January 1995. Figures 3a-d show the vertical profiles of the virtual potential temperature (θ v ), mixing ratio (r w ), zonal wind (u) and meridional wind (v) component, respectively, on 9 January 1995. Taking into account the coastline orientation in the region of Cabo Frio (Figs. 1a and b) and the fact that the prevailing wind blows from northeast in the upwelling case, the larger the inclination of the observed wind in the zonal direction, the stronger the sea breeze will be. As can be seen in Fig. 3c , at low levels the easterly zonal wind component increased during the day, reaching higher values (13 m s −1 ) around 18:00 LT (Local Time), indicating an enhancement of the sea-breeze circulation. From 600 m to 1200 m a return flow can be noted at 16:00 LT. The meridional component was always from the north in the entire ABL. The highest values of v occurred during the night when the sea-breeze circulation was weak (Fig. 3d) . As can be seen in Figs. 3c, and 3a, there was the formation of a low level jet (LLJ) in (Blackadar, 1957) . Figure 3a shows the presence of a stable layer at low levels in the four soundings. However, a superadiabatic layer was present from the surface up to 50 m in the first two soundings (at 12:00 LT and 16:00 LT). At 18:00 LT a stable vertical θ v profile was observed in the entire ABL. At 22:00 LT there was an atmospheric mixed layer with the top around 100-200 m. The absence of a mixed layer during the day may be associated with the fact that the region was affected by the descending branch of the sea-breeze circulation, due to the proximity of the upwelling cold waters. At night, with the radiative cooling of land, the descending motion was weaker, allowing for vertical mixing. Also, the LLJ may provoke a turbulent mixing of the air in the lower layers, favouring the development of a nocturnal mixed layer. From Fig. 3b , it can be noted that there was a strong vertical gradient of r w from the surface to 50 m, which is a characteristic of marine air layers. At low levels the values of r w were slightly higher at 16:00 LT and 18:00 LT. This was due to the moisture advection by the seabreeze circulation. At 22:00 LT there was a minimum of r w just above LLJ level (around 450 m).
The values of SST on 10 January 1995 were within the limits of SACW (Table 2) . However, the synoptic conditions were modified by the entrance of a cold front, as mentioned in Sect. 3. At 08:00 LT a stable atmosphere was observed, as showed in Fig. 4a . Between 14:00 LT and 16:00 LT the temperature at the surface was almost the same. However, at 16:00 LT, due to the cold advection by the southerly wind there was a cooling in the layer above. From the surface to 300 m the cooling was stronger, leading to the formation of an unstable layer in the first 100 m. Between 16:00 LT and 20:00 LT there was an increase in the cooling in the layer from the surface to 300 m, but the unstable layer near the surface was maintained. Due to the presence of the cold front the values of the mixing-ratio increased when compared with those of the day before (see Figs. 4b and 3b) . Also, the vertical profiles of the zonal wind showed a weaker sea breeze (see Fig. 4c and Fig. 3c ). The entire vertical profile of the meridional wind was from the north until 14:00 LT. Because of the passage of the cold front there was a change in the direction of the meridional wind, so that the southeasterly winds increased from 16:00 LT to the last sounding. At 20:00 LT the entire vertical profile of the meridional wind was from south.
Starting from 11 January 1995 the SST increased and the alterations in the vertical structure of the atmosphere were not representative of an upwelling situation. Although the mean water temperature was not too much higher than that of the day before (see Table 2 ), the vertical profiles of the winds and the virtual potential temperature were greatly changed because of the cold front passage. The easterly zonal wind was weak (highest value equal to 3 m s −1 at 15:00 LT) and the prevailing winds were from the southwest in the other three soundings (at 17:00 LT, 19:00 LT and 21:00 LT) (figures not shown) . During the first sounding on 12 January 1995 (at 08:00 GMT), the weather was cloudy, with light showers, due to the influence of the cold front. This provoked an increase in the water temperature (Table 2 ) and the occurrence of a less stable atmosphere compared with the day before. The zonal and meridional winds were weaker compared with those in the earlier days and the vertical profiles of θ v showed a formation of a mixed layer (figures not shown).
Non-upwelling case
In this part the evolution of the ABL is examined using the radiosounding data collected from 5 to 9 August 1996. In the first sounding of this experiment (day 5 August 1996, 19:00 LT) there was a mixed layer up to 200 m; the zonal winds were from west, except near the surface, and the meridional winds were from the north up to 150 m, blowing from the south above this level (figures not shown). On 6 August 1996 at low levels the easterly zonal wind component increased during the afternoon, indicating an enhancement of the sea-breeze circulation. The stronger easterly winds (5.0 m s −1 ) occurred around 18:00 LT (Fig. 5c ). As seen in Fig. 5a , a mixed layer with 350 m was present at 09:00 LT. This mixed layer was reduced in the next two soundings (14:00 LT and 15:00 LT) and increased again at 18:00 LT. Above 700 m there was little variation of the humidity during the afternoon and the beginning of the night (Fig. 5b) . On the next day (7 August 1996), from 08:00 LT to 13:00 LT, there was a marked warming of the air in the entire ABL and between 13:00 LT and 15:00 LT the vertical profiles of θ v showed little variation (Fig. 6a) . It can be noted in all the θ v vertical profiles that there was an occurrence of a mixed layer in the low levels below 350 m. As shown in Fig. 6b , the values of r w were almost the same up to around 300 m. At 15:00 LT the easterly zonal winds were around 10.5 m s −1 (Fig. 6c) . As can be noted in Fig. 6d , the meridional wind was from the north in the entire ABL in all the soundings of the day.
On 8 August 1996 there was a warming of the air in the whole ABL from 06:00 LT to 09:00 LT (Fig. 7a) . This warming continued until 12:00 LT above 300 m. From 12:00 LT to 15:00 LT a small increase in the temperature was observed and later there was a cooling of the ABL. The values of r w showed a minimum between 12:00 LT and 15:00 LT, as seen in Fig. 7b . Again, a mixed layer was observed below 350 m during the day. Figure 7c shows that the zonal wind was from the east in all the soundings, except at 15:00 LT and 18:00 LT, above 800 m. These westerly zonal winds may be associated with the return flow of the sea-breeze circulation. The strongest easterly winds (9.6 m s −1 ) occurred at 20:00 LT. As shown in Fig. 7d , the meridional winds were from the north in most of the ABL.
On 9 August 1996 there was a stable layer between 500 and 1000 m, which gradually reduced during the day, as shown in Fig. 8a . At 13:00 LT a mixed layer was observed below 350 m. Like in the previous days, this mixed layer was reduced in the subsequent soundings. Although the r w curve showed an inflection point around 350 m, the mixing ratio was almost constant up to 600 m in all the soundings (Fig. 8b ) associated with the advection of marine air over land. From 600 m to 900 m there was a sharp decrease in r w during the day and above this level a little variation of the humidity was noted. The diurnal march of the zonal wind showed an increase in the easterlies near the surface, illustrating the sea-breeze development (Fig. 8c) . The strongest easterly winds (9.0 m s −1 ) occurred at 17:00 LT. As seen in Fig. 8d , the meridional winds were from the north in the entire ABL in all the soundings. However, the diurnal variation of v was much lower compared with that of the zonal wind.
Comparing the vertical profiles of the zonal wind during 9 January 1995 (typical upwelling condition) (Fig. 3c) with those during 5-9 August 1996 (no upwelling conditions) (Figs. 5c, 6c , 7c, and 8c) it can be clearly seen that the upwelling increased the sea-breeze signal. These results confirm model simulations, which show that the sea-breeze is stronger during the spring and summer months (upwelling conditions) (see Figs. 12b, 14 and 15 of Franchito et al., 1998) , and are in agreement with surface observational data from the Meteorological Station at Cabo Frio (see Figs. 11 and 12a of Franchito et al., 1998) .
Summary and conclusions
This work investigates the influence of the coastal upwelling on the evolution of the ABL in the Cabo Frio region. For this purpose we collected radiosonde data in two field experiments made during the austral summer (upwelling case) and austral winter (no upwelling case). The first one took place during 9-12 January 1995, and the second experiment during 5-9 August 1996. Both the experiments were part of the COINT project (FAPESP, .
The results showed that the higher differences in the evolution of the ABL in the two cases are related to the differences in the atmospheric stability and local winds. During the austral summer, cold waters near the Cabo Frio coast contributed to the formation of an atmospheric stable layer, which persisted during the upwelling episode. Due to the low SSTs the descending branch of the sea-breeze circulation was located close to the coast, inhibiting the development of an air mixed layer mainly during the day. During the night, since the land-sea thermal contrast was reduced the sea-breeze circulation (and consequently its descending branch) was weakened. Thus, the mixed layer formed mainly at night. In addition, as expected the stable ABL favoured the formation of LLJs (Blackadar, 1957) , which, in turn, contributed to the development of a nocturnal atmospheric mixed layer. During the austral winter, due to the higher SSTs observed near the coast, the ABL was less stable compared with that in the austral summer. Because of the warming a mixed layer was observed during the day in the soundings in the no-upwelling case.
The vertical profiles of the zonal winds showed that the easterlies at low levels were stronger in the upwelling case, indicating that the upwelling modulates the sea-breeze signal. This confirms model simulations and is in agreement with surface observational data from the Meteorological Station at Cabo Frio.
